Introduction the P1 and F plasmids move from midcell to the 1/4 and 3/4 positions along the length of the cell (Gordon et al., Efficient chromosome partitioning ensures the stable 1997; Niki and Hiraga, 1997) . Loss of sopABC results in inheritance of genetic material to progeny cells. In euimproper positioning of F plasmids (Niki and Hiraga, karyotes, the spindle pole body, the bipolar mitotic spin-1997). dle, motor proteins, the centromere, kinetochore, and Recent work has indicated that the origin of replication cohesion proteins are parts of the mitotic apparatus (oriC) of the B. subtilis (and E. coli) chromosome is in a that function in concert to ensure faithful segregation of defined orientation for most of the bacterial cell cycle chromosomes. In contrast to the situation in eukaryotes, (Glaser et al., 1997; ; the underlying components and mechanisms governing Webb et al., 1997) . In newborn cells, the origin region chromosome partitioning in prokaryotes have not been is positioned near the pole of the nucleoid body, oriented well defined (reviewed in Hiraga, 1992; Wake and Errtoward a cell pole. After replication of this region, one ington, 1995). Whereas several bacterial genes have of the two origins rapidly moves toward the opposite been identified that are involved in chromosome partipole of the nucleoid. This movement indicates the functioning, cis-acting DNA sequences have yet to be detion of a mitotic-like apparatus for separating sister orifined. By determining the binding site for the chromogin regions Webb et al., 1997) . some partition protein Spo0J, we have identified a DNA Studies with C. crescentus and B. subtilis have shown sequence in the Bacillus subtilis chromosome that functhat the chromosomally encoded ParB/Spo0J proteins tions as a partitioning, or centromere-like, site.
are needed for proper chromosome partitioning (Ireton The B. subtilis spo0J gene product is required for effiet al., 1994; Glaser et al., 1997; Lewis and Errington, cient chromosome partitioning during vegetative growth 1997; Mohl and Gober, 1997) . The exisand sporulation. Approximately 1.5% of the cells in a tence of a partitioning site(s) bound by Spo0J has been growing culture of a spo0J mutant are anucleate, a freinferred from the similarity to the family of plasmid ParB quency ‫-001ف‬fold greater than that of wild-type cells proteins and the subcellular localization of Spo0J (Gla-(Ireton et al., 1994) . Spo0J and Soj (encoded by the gene ser et al., 1997; Lewis and Errington, 1997 ; Lin et al., upstream from and cotranscribed with spo0J) are similar 1997; Mohl and Gober, 1997) . The subcellular localizato the ParB (SopB) and ParA (SopA) family of plasmidtion of Spo0J is similar to that of the origin region, and encoded partition proteins, respectively (Ogasawara and Spo0J appears to colocalize with the origin-proximal Yoshikawa, 1992) . Chromosomally encoded homologs of ‫%03ف‬ of the B. subtilis chromosome (Glaser et al., 1997 ; ParB have been found in a wide range of bacterial spe- Lewis and Errington, 1997; . These localcies, including Pseudomonas putida, Caulobacter cresization experiments led to the idea that Spo0J associcentus, Streptomyces coelicolor, Streptococcus pneuates with a site(s) in the origin-proximal region of the moniae, Mycobacterium leprae, Helicobacter pylori, and chromosome that functions in chromosome partitioning.
In this paper, we describe the identification and characterization of the binding site for Spo0J. This site, named parS, is a 16 bp sequence containing an imperfect 8 bp inverted repeat and is found in the spo0J gene. Cloning a single parS into an otherwise unstable plasmid stabilizes the plasmid in a Spo0J-dependent manner. A search of the recently completed B. subtilis genome (Kunst et al., 1997) , allowing for two mismatches from the site in spo0J, revealed the existence of ten potential binding sites, which are all located in the origin-proximal ‫%02ف‬ of the chromosome. Eight of these sites are bound to Spo0J in vivo. We propose that the binding of Spo0J to these multiple par sites is involved in pairing newly replicated origin regions before the rapid separa- Procedures). In brief, formaldehyde was added to cells during exponential growth to cross-link protein and DNA, cells were lysed, and the DNA sheared to an averor base changes in seven positions of the inverted reage size of approximately 500-1000 bp. The Spo0J-DNA peat (pDL106) greatly reduced or eliminated the ability complexes were then immunoprecipitated using affinityof Spo0J protein to cross-link to the plasmid in vivo purified polyclonal antibodies against Spo0J, the cross-( Figure 2C ). In contrast, pDL104, which contains only a links reversed, and the precipitated DNA analyzed by 16 bp insert with the 8 bp imperfect inverted repeat PCR.
could be cross-linked to Spo0J ( Figure 2C ). Thus, the Four sets of primers were used in the PCR assay to 16 bp sequence, 5Ј-TGTTCCACGTGAAACA-3Ј, intertest for the presence of different chromosomal regions acts with Spo0J in vivo, either directly or indirectly. in the immunoprecipitate. Each primer set specifically amplified a different size fragment, ranging from ‫002ف‬ Spo0J Is a Site-Specific DNA-Binding Protein to ‫026ف‬ bp. DNA from the spo0J region was specifically The in vivo cross-linking immunoprecipitation results immunoprecipitated, while little or no DNA was detected did not address whether the specificity of Spo0J for the from three other chromosomal regions (Figure 1 ). Fur-DNA site was due to Spo0J or another factor. Since thermore, in parallel experiments, no DNA was detected formaldehyde is capable of cross-linking protein to profrom a spo0J null mutant (Figure 1, lane 3) . These results tein and protein to DNA, the possibility remained that indicate that Spo0J, or protein closely associated with Spo0J was interacting with another protein, which proSpo0J, binds to a site(s) in or near the spo0J gene.
vided the specificity of interaction with the 16 bp site. The Spo0J binding site was defined more precisely To address whether Spo0J itself binds specifically to by cloning DNA fragments into a multicopy plasmid and the site, we performed gel mobility shift assays with testing in vivo for binding to Spo0J using the same Spo0J protein. approach. Plasmid pIK219 contains an ‫067ف‬ bp restricPurified Spo0J protein was able to bind, in vitro, to a tion fragment that includes the 3Ј end of spo0J and DNA fragment containing the 16 bp site identified in extends ‫045ف‬ bp downstream (Figure 2A ). Spo0J was the in vivo experiments. Hexa-histidine-tagged Spo0J, able to bind to this plasmid in vivo (Figure 2A ), but not which functions in vivo, was purified (Experimental Proto the parent vector ( Figure 2C ), indicating that the insert cedures) and tested for binding to a radiolabeled 24 bp contains a Spo0J binding site(s). Subclones of pIK219 DNA fragment containing the wild-type site from within were constructed to further define the binding site (Fig- the spo0J gene ( Figure 3A ). Half-maximal DNA binding ure 2A). A 55 bp fragment, contained in pDL90A, was was observed at a Spo0J concentration of ‫003ف‬ nM, sufficient to confer binding to Spo0J (Figure 2 ). This 55 and there was one major shifted band (Figures 3A and bp fragment is internal to spo0J, indicating that the 3B). Use of a larger DNA fragment as a probe resulted in Spo0J binding site was located in spo0J.
multiple slower-migrating bands, indicating that several Further analysis defined a 16 bp sequence in pDL90A, molecules of Spo0J were binding per DNA fragment composed of an imperfect 8 bp inverted repeat, that is (data not shown). Formation of these larger shifted speable to bind Spo0J in vivo. Several derivatives of pDL90A cies appeared to be cooperative (data not shown). were constructed and tested for binding to Spo0J (Figures 2B and 2C) . Deletion of the inverted repeat (pDL105)
The specificity of Spo0J binding to the 16 bp site was
Spo0J Binds to Multiple Sites in the Origin-Proximal Region of the Chromosome
We identified a total of ten potential Spo0J binding sites (including the one in spo0J) in the entire B. subtilis chromosome by inspection of the published genomic sequence (Kunst et al., 1997) . The genome was searched with the sequence in spo0J, and up to two mismatches were allowed. All ten sites are located in the originproximal ‫%02ف‬ of the chromosome. Using PCR with primers specific for each region, eight of the ten potential binding sites were detected in the Spo0J immunoprecipitate, although at varying levels ( Figure 4A ). The map location of each of these eight sites is indicated in Figure 4B . To test the relative affinity or occupancy of Spo0J binding to these sites, we compared the relative amounts of each site in the immunoprecipitate. This was accomplished by comparing the amount of PCR-amplified DNA from serial dilutions of the Spo0J immunoprecipitate to that from dilutions of the total input DNA before the immunoprecipitation reactions. Six of the sites, located at 4Њ, 359Њ (in spo0J), 356Њ, 355Њ, 354Њ, and 330Њ, were most abundant in the immunoprecipitate ( Figure 4A ) and therefore are designated as "strong" sites. The amount of DNA from each of these sites was approximately 5-to 25-fold greater than that for the sites located at 15Њ and 40Њ ( Figure 4A ). Potential sites at 31Њ and 347Њ were not detected in the Spo0J immunoprecipitate (data not shown).
A consensus Spo0J binding sequence, 5Ј-TGTTNCAC GTGAAACA-3Ј, was derived from alignment of the eight pDL105, and pDL106 are drawn schematically. pDL106 contains seven changes from the wild type (5Ј-CGTGCCCAGGGAGACC-3Ј; underlined bases are mutant). al., 1994), we reasoned that elimination of most (or all) of the Spo0J binding sites might also cause an increase in the frequency of anucleate cells. To test this, we demonstrated by competition experiments with different unlabeled DNA fragments. A 24 bp fragment containing deleted five of the sites (4Њ, 40Њ, 330Њ, 354Њ, and 356Њ) that are not located in open reading frames. Each site 7 changes in the 16 bp site (mutant) was not an efficient competitor compared to the 24 bp fragment with the was replaced in the chromosome with a different drug resistance cassette (Experimental Procedures). In addiwild-type site ( Figures 3C and 3D ). Approximately 45-fold more of the mutant fragment was needed to comtion, 7 bp (of 16) in the site in spo0J were changed without affecting the amino acid sequence of the gene pete to the same extent as the wild type ( Figure 3D ). Similar results were obtained with a different competitor product (see Experimental Procedures). This is the same 7 bp mutation that does not bind Spo0J in vivo (Figure with a completely unrelated sequence (data not shown). Taken together, these results demonstrate that Spo0J 2) and that does not compete well in the in vitro binding assay ( Figures 3C and 3D ). binds directly to DNA in a site-specific manner. The strain with six sites inactivated, DCL484, had only and tested for effects on plasmid stability. pDL110 contains a chloramphenicol resistance marker for selection a small increase (‫-5ف‬fold) in the frequency of anucleate cells compared to wild type, far less than that of a spo0J in B. subtilis, and the origin of replication and the gene encoding the replication initiation protein from pLS32, null mutant (data not shown). This lack of a strong partitioning defect appears to be due to compensation by a plasmid originally isolated from B. natto (Hassan et al., 1997) . To test for plasmid stability, we measured other Spo0J binding sites. DNA from the Spo0J binding site at 15Њ was 10-to 20-fold more abundant in immunothe fraction of cells containing a plasmid after several generations of growth in the absence of selection (Exprecipitates from the multiple-site mutant compared to that from wild type ( Figure 5 ). These results indicate that perimental Procedures).
Mutations in Six Sites Cause Increased
A plasmid with a functional Spo0J binding site was at least some of the Spo0J binding sites are occupied more often in the absence of other sites. We suspect much more stable than plasmids without the binding site. When grown in the presence of chloramphenicol that this increased occupancy compensates for loss of multiple binding sites.
to select for the presence of the plasmid, the percentage of cells containing the vector without a Spo0J binding site (pDL110) was only 10%-15%, compared to ‫%06ف‬ The Spo0J Binding Site Is a Partitioning Site A single Spo0J binding site was able to confer a partition for the plasmid (pDL125) with a Spo0J binding site (Table  1 ; Figure 6A ). During growth without selection, the vector function to a heterologous replicon. We cloned the binding site into an unstable, low-copy B. subtilis plasmid was rapidly lost; after ‫02ف‬ generations Ͻ0.1% of the cells contained a plasmid ( Figure 6A ). In contrast, the that has the same insert but with the 7 bp mutation in the Spo0J binding site was not stabilized ( Figure 6A ), plasmid with a single Spo0J binding site (pDL125) was much more stable; after ‫02ف‬ generations ‫%02ف‬ of the demonstrating that the increased stability of pDL125 was due to the Spo0J binding site. Quantitative Southern cells still had a plasmid ( Figure 6A ). A plasmid (pDL126) blot experiments indicated that the Spo0J binding site did not affect the copy number of the plasmid (Table 1) . Together, these results indicate that the Spo0J binding site acts as a partitioning site, and we call each chromosome partition site parS. The increased stability of the plasmid containing a single parS (pDL125) was dependent on spo0J. pDL125 was no longer stable in cells containing a null mutation in spo0J ( Figure 6B) . Unexpectedly, soj, the gene immediately upstream from spo0J, was also required for plasmid stability: a nonpolar null mutation in soj (Ireton et al., 1994) prevented stabilization of pDL125 ( Figure 6B ). The instability of pDL125 was similar in cells containing a mutation in either soj or spo0J and was no worse in cells containing mutations in both soj and spo0J ( Figure  6B ). The soj gene product is a member of the ParA family of partition proteins, a putative ATPase, and an inhibitor (Ireton et al., 1994; Grossman, 1995) . An
Binding of Spo0J to the sites at 359Њ (in spo0J) and 15Њ in wild-type soj null mutation has relatively little effect on chromocells (A and B) and in the strain (DCL484) with six sites inactivated some partitioning (Ireton et al., 1994) . In contrast, in the fect, our results indicate that Soj plays some role in (Oguro et al., 1996) . Like those in eukaryotes (Peterson, 1994; Hirano et al., 1995; Koshland and Strunnikov, 1996 ; will be located in or near the structural gene. In fact, ten organisms that have a Spo0J/ParB homolog also have Heck, 1997; and references therein), B. subtilis Smc is required for efficient chromosome partitioning and cona potential binding site that matches the consensus sequence of parS of B. subtilis. In five of these organdensation (R. Britton, D. C.-H. L., and A. D. G., submitted). An smc null mutant has nucleoids that appear less isms, this sequence is in or near the structural gene (Table 2 ). In others, including Deinococcus radiodurans, condensed than those in wild-type cells. In addition, ‫%01ف‬ of the cells in a growing culture of the smc mutant Pseudomonas aueruginosa, Vibrio cholerae, Treponema pallidum, and Neisseriae gonorrhoeae, the location of are anucleate. Most strikingly, an smc spo0J double mutant has a synthetic phenotype; there is a severe these sites with respect to the parB/spo0J gene is not clear from the available sequence information. We posgrowth defect, and ‫%52ف‬ of the cells in a culture are anucleate (R. Britton, D. C.-H. L., and A. D. G., submittulate that, in at least several of these organisms, these sites are chromosome partition sites and that the role of ted). This phenotype is discussed below in the context of models for Spo0J function. ParB/Spo0J in chromosome partitioning is conserved.
Discussion
The Role of Spo0J in Chromosome Partitioning One possible function of Spo0J bound to multiple parS sites might be to help position the origin region of the We have identified a family of chromosome partitioning sites (parS) from B. subtilis. Each parS is the binding chromosome. The partition system of the E. coli F plasmid is required for proper plasmid positioning. A plasmid site for the chromosome partition protein Spo0J and is a 16 bp sequence composed of an imperfect 8 bp inverted containing the sopABC system is localized at midcell in newborn cells and at the 1/4 and 3/4 positions in older repeat. The presence of a single site, on an otherwise unstable plasmid, stabilizes the plasmid, indicating that cells preparing to divide Niki and Hiraga, 1997) . In contrast, a plasmid missing the sop the sequence functions as a partition site. There are at least eight parS sites in the B. subtilis genome that are system is localized randomly in the cytosolic space (Niki and Hiraga, 1997) . occupied in vivo. All are located in the origin-proximal ‫%02ف‬ of the chromosome ( Figure 4B ). The subcellular During most of the cell cycle in B. subtilis, the oriC region is positioned near the pole of the nucleoid, orilocalization of Spo0J to the poles of the bacterial nucleoid (Glaser et al., 1997; is probably ented toward a cell pole (Glaser et al., 1997; . A null mutation in spo0J causes the oriC region a direct reflection of the coordinate binding of Spo0J to these sites.
to be mislocalized in a small fraction of cells, but in the majority of mutant cells the origin region appears Spo0J and parS contribute to the efficiency of chromosome partitioning. The multiple sites appear to be properly positioned (D. C.-H. L. and A. D. G., unpublished data). Preliminary experiments indicate that proteins reredundant, and cells compensate for loss of several sites with increased binding of Spo0J to other sites. Null quired for DNA replication may be involved in establishing the position of the oriC region (K. P. Lemon and mutations in spo0J cause a 100-fold increase in the frequency of anucleate cells (Ireton et al., 1994) . This is A. D. G., unpublished data). Thus, it appears that Spo0J is not required to establish, but might be involved in a significant increase that would probably be lethal in nature in competition with wild-type organisms. That maintaining, chromosome orientation. Webb et al., 1997) .
We speculate that the function of Spo0J bound to the multiple parS sites is to pair sister origin regions for recognition by components involved in separation and movement (Figure 7 ). This origin-pairing model for Spo0J is an extension of models for sister chromatid pairing or cohesion in eukaryotes (Miyazaki and OrrWeaver, 1994; Bickel and Orr-Weaver, 1996; Guacci et al., 1997; Heck, 1997; Michaelis et al., 1997) and plasmid pairing in prokaryotes (Nordströ m and Austin, 1989; Austin and Nordströ m, 1990; Williams and Thomas, 1992) . We propose that after the origin region is duplicated, a Spo0J-parS complex on one chromosome contacts a Spo0J-parS complex on the other chromosome, pairing the sister origins for part of the cell cycle. We suspect that this pairing function may serve to indicate that two sister origins exist and are ready to be partitioned, and may help to distinguish sister origins from nonsisters during rapid growth when there are several overlapping rounds of replication. Pairing may also help to orient the origin regions such that one is "selected" to be moved toward the opposite pole. The Spo0J-parS complex seems to persist during most (all?) of the cell cycle (Glaser et al., 1997; Lewis and Errington, 1997; , indicating that disruption of sister origin pairing is not mediated by degradation of Spo0J. The putative ATPase Soj (ParA) might be involved in disruption of regions might remain near each other. In the smc mutant, defective in chromosome condensation, the pairing In growing cells, sister origins are rapidly separated function of Spo0J becomes much more important to and become positioned at opposite ends of the nucleoid, maintain proximity of the newly replicated origins before they are actively separated. Whereas other models are oriented toward opposite cell poles (Glaser et al., 1997; One parS is found internal to spo0J; seven others are in the origin-proximal ‫%02ف‬ of the chromosome ( Figure 4B ).
Spo0J until the segregation machinery separates them and repositions one origin toward each pole. Condensation, partly by Smc, facilitates pairing. Condensation also is likely to provide a mechanism to move the bulk of the chromosome mass away from midcell and toward the position where the origin has been established. Division at midcell creates two cells, each with an intact genome. The continuing challenge is to identify the remaining components involved in chromosome partitioning and to determine their mechanisms of action.
Experimental Procedures
Strains and Plasmids B. subtilis strains are all derivatives of AG174 (JH642) and contain Table 3 . Plasmids origin region of the chromosome (not drawn to scale). We postulate are described in tioned at an end of the nucleoid toward a cell pole.
so as not to alter the gene product. In order to create a strain with
We propose that newly replicated origins are paired by the 7 bp changes in spo0J, strain AG1468 (⌬spo0J::spc) (Ireton et al., 1994) was transformed with pDL107 (which contains spo0J with the 7 bp site mutation, (Ireton et al., 1994) crossover created a strain (DCL468) that is Spo ϩ , chloramphenicol-KI1944 ⌬(soj spo0J)::spc thr::(⌬soj spo0J ϩ ) and spectinomycin-sensitive, and has the 7 bp mutation in the Spo0J (Ireton et al., 1994) binding site. The presence of the mutation was confirmed by PCR DCL108 pHP13 and DNA sequencing. DCL352 pIK219 DCL365 pDL83 Formaldehyde Cross-Linking and Immunoprecipitations DCL367 pDL85 Cells were grown at 37Њ for several generations in defined minimal DCL381 pDL90A medium (Vasantha and Freese, 1980; Jaacks et al., 1989) containing DCL430 pDL104 1% glucose, 0.1% glutamate, 40 g/ml tryptophan, 40 g/ml phenyl-DCL431 pDL105 alanine, trace metals, and appropriate antibiotics when necessary, DCL432 pDL106 and samples were taken during exponential growth (OD 600 ‫.)6.0ف‬ DCL438 pDL110
Cross-linking and sample preparation were based on chromatin DCL484
Sextuple parS mutant, parS-6 immunoprecipitation assays (Solomon and Varshavsky, 1985; Hecht (see Experimental Procedures) et al., 1996; Strahl-Bolsinger et al., 1997 20% sucrose, 50 mM NaCl, 10 mM EDTA) containing 20 mg/ml Contains the replicon from pLS32 from B. natto (Hassan et al., 1997) . pGEMcat Ap, Cm; integrative vector (Harwood and Cutting, 1990 ). pJH101
Ap, Tet, Cm; integrative vector (Harwood and Cutting, 1990 ). Other plasmids pIK219
Contains an ‫067ف‬ bp fragment, extending ‫045ف‬ bp downstream of spo0J (Figure 2A) , cloned into pHP13. Used to define the Spo0J binding site in vivo. pDL83
Contains an ‫013ف‬ bp fragment, extending ‫001ف‬ bp downstream of spo0J (Figure 2A) , cloned into pHP13. Used to define the Spo0J binding site in vivo. pDL85
Contains an ‫552ف‬ bp fragment (Figure 2A ) cloned into pHP13. Used to define the Spo0J binding site in vivo. pDL90A
Contains the 55 bp fragment from PvuII to SfaNI in spo0J (Figure 2A ) cloned into pHP13. Used to define the Spo0J binding site in vivo. pDL104
Contains the 16 bp Spo0J binding site ( Figure 2B ) cloned into the SmaI site of pHP13. Single stranded oligomers 5Ј-TGTTCCACGTGAAACA-3Ј (LIN-73) and its complement 5Ј-TGTTTCACGTGGAACA-3Ј (LIN-74) were annealed, phosphorylated with polynucleotide kinease, and cloned into pHP13. The plasmid was verified by DNA sequencing. pDL105
Contains a 38 bp fragment, missing the Spo0J binding site ( Figure 2B ), cloned into the SmaI site of pHP13. Single-stranded oligomers 5Ј-CTGATTCAGCAGTTGAATCAGAAAA GAAAAAAGAACCTG-3Ј (LIN-75) and its complement 5Ј-AGGTTCTTTTTTCTTTTCTGATTC AACTGCTGAATCAG-3Ј (LIN-76) were annealed, phosphorylated with polynucleotide kinase, and cloned into pHP13. DNA sequencing revealed that the plasmid is essentially pDL90A with a 17 bp deletion removing the Spo0J binding site. pDL106
Contains a 55 bp fragment with 7 bp changes in the Spo0J binding site, cloned into pHP13. Single strand oligomers 5Ј-CTGATTCAGCAGTTGAATCAGAACGTGCCCAGGGAGACCAA GAAAAAAGAACCTG-3Ј (LIN-77) and its complement 5Ј-CAGGTTCTTTTTTCTTGGTCTCC CTGGGCACGTTCTGATTCAACTGCTGAATCAG-3Ј (LIN-78) were annealed, phosphorylated with polynucleotide kinase, and cloned into pHP13. The annealed oligomers contain the 55 bp insert in pDL90A except that 7 bp in parS have been changed (underlined above). The plasmid was verified by sequencing. pDL107
Contains all of spo0J, with the 7 bp mutation in parS, cloned into pGEMcat. Used to construct the multiple parS mutant strain, DCL484. pDL110
Contains the ‫5.1ف‬ kb EcoRI-XbaI fragment from pBPA23 (containign the replicon of pLS32) cloned between the EcoRI-NheI sites in pJH101. Used in the plasmid stability experiments. pDL125
Contains the 55 bp fragment of spo0J from pDL90A, with parS, cloned into pDL110. The ‫06ف‬ bp EcoRI-HindIII fragment from pDL90A was cloned between the EcoRI-HindIII sites of pDL110. Used in the plasmid stability experiments. pDL126
Contains the 55 bp fragment of spo0J from pDL106, with the mutant parS, cloned into pDL110. The ‫06ف‬ bp EcoRI-HindIII fragment from pDL106 was cloned between the EcoRI-HindIII sites of pDL110. Used in the plasmid stability experiments.
lysozyme and incubated at 37ЊC for 30 min. Five hundred microliters template. Oligonucleotide primers were typically 20-25 bases in length and amplified an ‫054-003ف‬ bp product. Sequences of all of 2ϫ IP buffer (100 mM Tris [pH 7], 300 mM NaCl, 2% Triton X-100) and PMSF (final concentration 1 mM) was added, and the cell extract primers are available upon request. PCR products were separated on agarose gels and stained with ethidium bromide. Relative affiniwas incubated an additional 10 min at 37Њ. The DNA was sheared by sonication to an average size of ‫0001-005ف‬ bp. Insoluble cellular ties of Spo0J to different par sites were determined by comparing the intensity of bands in the linear range of the PCR from both the debris was removed by centrifugation, and the supernatant was transferred to a fresh microfuge tube. In order to determine the immunoprecipitate and "total" DNA control. Gels were photographed onto Polaroid 665 film, and the negatives were scanned relative amount of DNA immunoprecipitated to the total DNA before immunoprecipitation, 75 l of supernatant ("total" DNA control) was using Adobe Photoshop software. removed and saved for later analysis.
Protein and protein-DNA complexes were immunoprecipitated (1 hr, room temperature) with affinity purified polyclonal anti-Spo0J
Spo0J-his 6 Spo0J with a hexa-histidine tag at the C terminus is functional in antibodies (Lin et al., 1997) followed by incubation with 30 l of a 50% protein A-Sepharose slurry (1 hr room temperature). Com-B. subtilis, both in sporulation and chromosome partitioning . Spo0J-his 6 was purified from E. coli strain DCL128, a plexes were collected by centrifugation and washed five times with 1ϫ IP buffer and twice with 1 ml TE (10 mM Tris [pH 8], 0.1 mM BL21 (lambda DE3) strain carrying a plasmid, pDL3, with spo0J-his 6 under the control of the T7 promoter in pET21(ϩ) . EDTA). The slurry was resuspended in 50 l of TE. The 75 l "total" DNA control was treated with S. griseus protease (final concentraAn extract from the overproducing strain was loaded onto a metal chelating column (Pharmacia) that had been charged with NiSO 4 , tion 0.1 mg/ml) for 10 min at 37ЊC, and SDS was added to 0.67%. Formaldehyde cross-links of both the total DNA and the immunopreaccording to instructions from the manufacturer. Spo0J-his 6 was eluted with a linear gradient of imidazole (60 mM-1 M) in buffer cipitate were reversed by incubation at 65ЊC for 6 hr, and samples were used in PCR without further treatment.
containing 20 mM Tris (pH 8), 500 mM NaCl. Fractions containing Spo0J-his 6 were pooled and dialyzed into buffer containing 20 mM PCR was performed with Taq DNA polymerase using serial dilutions of the immunoprecipitate and the total DNA control as the Tris (pH 8), 250 mM NaCl, 1 mM EDTA, 1 mM DTT. Following dialysis, glycerol was added to 10%, and protein concentration was deterfrom the National Science Foundation. This work was also supported in part by grants to A. D. G. from the Lucille P. Markey mined with Bio-Rad protein assay kit using BSA as a standard. Spo0J-his6 was ‫%09ف‬ pure as judged by SDS polyacrylamide gel Charitable Trust and Public Health Services grant GM41934 from the NIH. electrophoresis and staining with Coomassie blue.
Received January 12, 1998; revised February 3, 1998 . DNA Binding Assays A 24 bp DNA fragment containing the Spo0J binding site was used as the probe in gel mobility shift assays. Two oligonucleotides,
